Abstract Direct adaptive fuzzy controller is a class of adaptive fuzzy controllers which use fuzzy logic system (FLS) as controller. Interval type-2 fuzzy sets are able to model and minimize the numerical and linguistic uncertainties associated with the inputs and outputs of fuzzy logic controller (FLC). In this paper, a direct adaptive interval type-2 FLC is proposed for controlling the multivariable anaesthesia system to overcome the uncertainty problem that introduced by large inter and intra-individual variability of the patient's parameters. Simulation results show good performance over a wide range of inter-individual variability of parameters. Also, results show better performance for the proposed controller under the effect of intra-individual variability of parameters than interval type-2 FLC. So, adaptive interval type-2 FLC affords some improvements in performance over the interval type-2 FLC.
Introduction
Anaesthesia is defined as a branch of the medical science profession which ensures that the patient's body remains insensitive to pain and other stimuli during surgical operations. It includes muscle relaxation (paralysis), unconsciousness (hypnosis), and analgesia (pain relief). The first two are concentrated in the operating theater, whereas the third is related to postoperative conditions [1] .
In practice, the anaesthetist has a number of clinical signs and on-line measurements which can be used selectively for the determination of the patient's state such as blood pressure, heart rate, and electroencephalography (EEG) pattern [2, 3] . The aim of an anaesthesia control system is the automation of some control tasks of the anaesthetist in normal situation to avoid dangerous situations; the anaesthetist should always have a clear overview of the state of the automated processes [4] . Two methods for controlling drug administration are commonly known, open and closed loop control. When the anaesthetist makes a decision to maintain or change a desired target drug dose, concentration or clinical effect, this is called open loop control. Closed loop controllers are computer programs designed to maintain a targeted effect by adapting the administered amounts of drug. In closed loop control, the anaesthetist enters only the desired variables to be maintained [5] . Two drugs, atracurium and isoflurane, are commonly used for general anaesthesia. These drugs interact the anaesthesia and muscle relaxation signs that are the mean arterial blood pressure (MABP) and the evoked electromyogram (EMG) respectively [6] .
There are two main problems in multivariable anaesthesia system. First, the nonlinear structure in the so-called pharmacodynamics for the relaxant drugs behaviour may be make the muscle relaxation level to saturate with any large control dose. Second, there is a great uncertainty inherited from the large inter-individual and intra-individual variability of the patient's parameters and the large delay time of this process. Hence, these problems make the multivariable anaesthesia system is a very challenging one. The generalized predictive control (GPC) algorithm and the self-organized fuzzy logic control (SOFLC) have been proposed to deal with the multivariable anaesthesia problem [3] . A novel neural network-based control scheme has been also proposed to deal with such problem [7] . Type-1 FLC has been also proposed to deal with anaesthesia system [4, [8] [9] [10] .
The adaptive fuzzy controllers are classified into direct and indirect adaptive fuzzy controller. A direct adaptive fuzzy controllers use FLS as controllers; therefore, linguistic fuzzy control rules can be directly incorporated into the controllers. On the other hand, indirect adaptive fuzzy controllers use FLS to model the plant and construct the controllers assuming that the FLS represent the true plant. Therefore, fuzzy IF-THEN rules describing the plant can be directly incorporated into indirect adaptive fuzzy controller [11] .
The concept of type-2 fuzzy sets is an extension of the concept of the ordinary fuzzy sets (type-1 fuzzy sets). A type-2 fuzzy set is characterized by a fuzzy membership function, i.e., the membership grade for each element of this set is a fuzzy set in [0, 1], unlike type-1 fuzzy set where the membership grade is a crisp number in [0, 1] [12] . Therefore, type-2 fuzzy set provides additional degrees of freedom that can make it possible to directly model and handle the uncertainties [13] . The interval type-2 fuzzy logic control (IT2-FLC) is a special case of the type-2 fuzzy logic system [14] . IT2-FLCs have been applied to various fields with great success [12, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] .
IT2-FLC has been proposed to deal with the multivariable anaesthesia system previously [24] and it affords some improvements in performance over type-1 FLC. The aim of this paper is to implement adaptive interval type-2 FLC (AIT2-FLC) to the multivariable anaesthesia system and compare it with IT2-FLC to test the robustness of AIT2-FLC to provide some improvements in performance over IT2-FLC under the effect of inter and intra-individual variability of patient's parameters. This paper can be organized as follows. The description of the mathematical model of the multivariable anaesthesia system is presented in Section 2. In Section 3, the adaptive interval type-2 fuzzy logic system is presented. The adaptive IT2-FLC for multivariable anaesthesia system is given in Section 4. Section 5 presents the simulation results followed by the conclusions and the related references.
Multivariable anaesthesia model
This section describes the multivariable anaesthesia model combining the muscle relaxation and the depth of anaesthesia. Two drugs are used as inputs to the model, the atracurium (for producing muscle relaxation) and the isoflurane (for depth of anaesthesia) which is an inhalational drug commonly used in modern surgery. The individual pathways are described as follows [3] :
Atracurium mathematical model
To identify the muscle relaxation process associated with atracurium drug, pharmacological modeling is commonly used to describe the metabolism of such drug. Pharmacological modeling comprises two main categories known as pharmacokinetics and pharmacodynamics. Pharmacokinetics studies the relationship that exists between drug dose and drug concentration in the blood plasma as well as other parts of the body. Interpretation of this relationship can be given a mathematical meaning via the concept of compartmental models. Using this concept the body consists of several compartments each representing one part of the body that involves the drug metabolism. Pharmacodynamics, however, is concerned with the drug concentration in the blood and the effect produced.
Pharmacokinetics
The pharmacokinetics studies what the body does to the drug. It has been shown that after a drug injection, the plasma concentration of atracurium declines rapidly in two exponential phases corresponding to distribution and elimination. Therefore, a conventional two compartmental model is used by adding an elimination path from the peripheral compartment as depicted in Fig. 1 . Assume x i is the drug concentration at time t, _ x i its rate of change, and u the drug input, then:
where k 12 and k 21 are the rate constants between two compartments. The rate constants k 10 and k 20 characterizes the drug elimination from two compartments. 
Pharmacodynamics
To identify the drug effect, a third compartment known as the ''effect compartment'' has been introduced to the atracurium kinetics. It is connected to the central compartment by a first order rate constant k 1E , whereas the rate constant k E0 characterizes the drug dissipation from the effect compartment, as shown in Fig. 2 . In this latter compartment, the drug concentration change is governed by the following equation:
The Hill equation may be used to relate the effect to a specific blood concentration of drug:
where E eff , E max , X E (50) are the drug effect produced (paralysis), the maximum drug effect (100% paralysis), and the drug concentration at 50% effect, respectively. The values of X E (50) and a depend on the patient, where may be change from patient to other. Using Laplace transform for Eqs. (1) and (2) and combining two equations leads to:
where U 1 is the atracurium drug input. The values of parameters K 1 , s 1 , T 1 , T 2 , T 3 and T 4 depend on the patient and may be change from patient to other. Finally, the overall nonlinear atracurium mathematical model is obtained by combining Eq. (4) together with Hill Eq. (3). Fig. 3 shows a series of Hill equation for different parameters of a and X E (50). For nominal Hill equation values, a linearized gain for operating points ranges from 0.85 to 0.95 for paralysis can lead to difficulties due to the curved shapes around this region. Also, the patient-to-patient parameter variability can affect the nonlinearity shape (uncertainty) by making it steeper or more flat. All these considerations make the muscle relaxation process a very challenging one.
Isoflurane mathematical model
Depth of anaesthesia (Unconsciousness) is defined as being the state in which the body is insensitive to pain or other stimuli. There is no direct method of measuring depth of anaesthesia. Consequently, anaesthetists have to resort to the merger of several clinical signs such as blood pressure, respiration, etc. to obtain the closed possible indication of how well the patient is anaesthetized. Indeed, in a study conducted in [3] , anaesthetists were asked to rank the relative importance of ten clinical signs. These signs were ranked on a scale 1-10 based on the mean value provided by these anaesthetists. From these ten clinical signs, blood pressure (in terms the change of the mean arterial blood pressure) has been selected as one variable to give indication of depth of anaesthesia.
The transfer function which described the variation of mean arterial blood pressure to small changes in inhaled isoflurane concentration is given by:
where DMABP is the change in the mean arterial blood pressure, U 2 is the isoflurane drug input, and the values of parameters s 2 , T 5 and K 2 depend on the patient.
Interactive component model

Atracurium to mean arterial blood pressure (DMABP) interaction
This interaction has been investigated in human begins and there seems to be small (clinically insignificant) changes in blood pressure.
Isoflurane to muscle relaxation interaction
In order to identify this type of interaction which is small but significant, an experiment was performed in [3] . As a result of this experiment, the overall describing the effect that isoflurane on muscle relaxation is given by:
where the values of parameters K 4 , s 3 , T 6 and T 7 depend on the patient.
The overall multivariable anaesthesia model
The overall linear multivariable system combining muscle relaxation together with anaesthesia (in terms of mean arterial blood pressure measurements) without including the nonlinear part, the linear multivariable anaesthesia can be summarized as follows:
where, G 11 (s), G 22 (s) and G 12 (s) are defined in Eqs. (4)- (6) . The two inputs, U 1 and U 2 are the atracurium and isoflurane drugs respectively. Finally, the overall nonlinear multivariable system combining all the effects is obtained by including the nonlinearity described previously contained in the muscle relaxation path. [20] . Therefore, the type-2 fuzzy set can be rewritten as:
Also, a Gaussian primary membership with uncertain mean and fixed standard deviation having an interval type-2 secondary membership can be called an interval type-2 Gaussian membership. A two dimension interval type-2 Gaussian membership with an uncertain mean in [m 1 , m 2 ] and a fixed standard deviation r is shown in Fig. 4 . It can be expressed as:
The type-2 fuzzy set that is in a region called footprint of uncertainty (FOU), and bounded by an upper membership and a lower membership, which are denoted as l e A ðxÞ and l e A ðx 0 Þ; respectively. In this paper, the input and output variables will be represented by IT2-FSs as they are simpler to work with than general T2-FSs and distribute the uncertainty evenly among all admissible primary memberships [26] .
Interval type-2 fuzzy logic controller
The basics of fuzzy logic do not change from T1 to T2 sets, and in general, will not change for any type-n [27] . A higher-type number just indicates a higher ''degree of fuzziness''. Since a higher type changes the nature of the membership functions, the operation that depend on the membership functions change, however, the basic principle of fuzzy logic are independent of the nature of membership functions and hence, do not change [12] .
The IT2-FLC contains four components fuzzifier, inference engine, rule base, and output processing that is inter-connected as shown in Fig. 5 [28] . The IT2-FLC works as follows [15] : the crisp input is first fuzzified into input IT2-FSs. The input IT2-FSs then activate the inference engine and the rule base to produce output IT2-FSs. The IT2-FLC rules will remain the same as in T1-FLC, but the antecedents and/or the consequent will be represented by IT2-FSs. The IT2 fuzzy outputs of the inference engine are then processed by the type reducer, which combines the output sets and performs a centroid calculation that leads to T1-FSs called the type-reduced sets. After the type reduction process, the type-reduced sets are defuzzified (by taking the average of the type-reduced set) to obtain crisp outputs.
Consider a type-2 FLS having p inputs x 1 e X 1 , . . ., x p e X p and one output y e Y. The type-2 fuzzy rule base consists of a collection of IF-THEN rules. Assuming M rules and the rule of a type-2 can be expressed as: The inference engine combines rules and gives a mapping from input type-2 fuzzy sets to output type-2 fuzzy sets. To achieve this process, we have to compute unions and intersections of T2-FSs, as well as compositions of type-2 relations. The output of inference engine block is a T2-FS, so we have to use extended version of type-1 defuzzification methods. The extended defuzzification operation in the type-2 case gives a T1-FS at the output. Since this operation takes us from the type-2 output sets of the IT2-FLS to a T1-FS, we call this operation type-reduction and call the type-1 set so obtained a typereduced set [27] . There are several methods of type-reduction. The ''center-of-sets'' type reduction will be used in this paper and can be expressed as: r is the centroid of the type-2 interval consequent set e G i : Therefore, the left-most point y l and the right-most point y r can be expressed as:
The defuzzified crisp value from an IT2-FLS is obtained as:
Adaptive interval type-2 fuzzy logic system
An adaptive fuzzy controller that uses fuzzy logic system as controller is direct adaptive fuzzy controller therefore; linguistic fuzzy control rules can be directly incorporated into the controller [11] . In this section, we use a direct adaptive controller that is called the fuzzy model reference learning control (FMRLC) [29] with interval type-2 fuzzy logic system. The functional block diagram for the FMRLC is shown in Fig. 6 . It has four main parts: the plant, the interval type-2 fuzzy controller to be tuned, the reference model, and the learning mechanism (an adaptation mechanism). Basically, the fuzzy control system loop (the lower part of The plant and the IT2-FLC were described earlier in Sections 2 and 3.2, respectively. Now, we will describe the other components of the FMRLC in more detail.
Reference model
The desired performance for the system is depending on the select of the model reference. For anaesthesia system, the control objective is to attain an adequate of anaesthetic level without any overshoot [5] . So, it is desired to have the response track the continuous time model that in Eq. (17) .
where s is the time constant of the reference model and it depending on the time constant of he multivariable anaesthesia system.
The learning mechanism
The learning mechanism tunes the rule-base of the direct IT2-FLC so that the closed-loop system behaves like the reference model. The learning mechanism consists of two parts: a ''fuzzy inverse model'' and a ''knowledge-base modifier''. The fuzzy inverse model performs the function of mapping y e (kT) (representing the deviation from the desired behavior), to changes in the process inputs p(kT) that are necessary to force y e (kT) to zero. The knowledge-base modifier performs the function of modifying the IT2-FLC rule-base to affect the needed changes in the process inputs. Assume that we use symmetric output membership functions for the fuzzy controller, and let C m denote the center of the membership function. Knowledge base modification is performed by shifting center C m of the membership functions of the output linguistic value that associated with the fuzzy Direct adaptive interval type-2 fuzzy logic controller for the multivariable anaesthesia systemcontroller rules that contributed to the previous control action u(kT À T).This is a two step process:
Find all the rules in the fuzzy controller whose premise certainty 
Adaptive IT2-FLC for multivariable anaesthesia system
The AIT2-FLC was presented in detail in the previous section. Now, we present the block diagram of FLC for multivariable anaesthesia system which is used in block diagram of FMRLC. Fig. 7 shows the block diagram for the multivariable anaesthesia control system. The controller block in this figure may be IT2-FLC or AIT2-FLC. It have four inputs; the error signals (e 1 and e 2 ) and the change in error signals (De 1 and De 2 ), and two outputs: the control signal (u 1 ) that is applied to syringe pump to produce the desired amount of drug 1 (Atracurium) and the control signal (u 2 ) that is applied to vaporizer to produce the desired amount of drug 2 (Isoflurane). EMG sensor is used to produce the EMG signal which represents the muscle relaxation (paralysis level) and then, it is compared with set-point (Ref 1 ) to obtain e 1 . The blood pressure sensor is used to produce the DMABP signal that is compared with set-point (Ref 2 ) to obtain e 2 .
The initial inputs and outputs membership functions for AIT2-FLC are shown in Fig. 8 . Each input and output of FLC consists of five linguistic labels; negative big (NB), negative medium (NM), negative small (NS), zero (Z), positive small (PS), positive medium (PM), positive big (PB), small (S), medium (M), and Big (B). The rule base for control signals u 1 and u 2 are shown in Tables 1 and 2 respectively. The values of u 1 and u 2 are calculated by using the ''center-of-sets'' type reduction and then we perform defuzzification process to obtain crisp value.
Simulation results
In order to show the improvement of the proposed AIT2-FLC, the IT2-FLC proposed previously [24] is also implemented for comparison purposes. Anaesthestic drugs normally have stable and slow acting response, consequently, step response is the most common identification procedure used by clinicians [3] . During surgical operations in theatre the anaesthetist who is normally specify the set-point of muscle relaxation and blood pressure [3, 5] . In these simulation tasks, the initial conditions were 0% paralysis and sampling period was 1 min. The set-point command signal for muscle relaxation and change in blood pressure were 0.8 (80% paralysis À 20% EMG) and À30 mmHg respectively. These values of set-point for the muscle relaxation and the mean arterial blood pressure were used practically previously [3] . The control signal 1 was limited between 0 and 1 for the atracurium drug input and between 0% and 5% for the isoflurane input (control signal 2). For anaesthesia system, the control objective is to attain and maintain an adequate of anaesthetic level without any overshoot. This is the maintaining of a steady level of muscle relaxation and blood pressure with minimum deviation from set-point [3, 5] . The simulation results were divided into the following three tasks.
Task 1: Normal case
It concerns with the controller performance when the multivariable parameters are set to its nominal values, which are , and a = 2.98). Fig. 9 shows the response of multivariable anaesthesia system in normal case for IT2-FLC and AIT2-FLC. It is clear that the response of muscle relaxation and blood pressure reach the desired values without any overshoot and steady state error for both IT2-FLC and AIT2-FLC.
Task 2: The inter-individual variability of the patient's parameters
In this test the parameters changes from patient to patient for IT2-FLC and AIT2-FLC. The model parameters are chosen in a random manner using the Monte-Carlo method. The model parameters can be chosen according to the following formula:
par ¼ par min þ Randomðpar max À par min Þ ð 20Þ Figure 8 The inputs and outputs MFs. Figure 7 The block diagram of FLC for multivariable anaesthesia system. Direct adaptive interval type-2 fuzzy logic controller for the multivariable anaesthesia systemwhere 0 < Random < 1, and is obtained from a random number generator. The par min and par max values for each parameter were chosen to reflect probable pharmacological ranges known to exist. In this way many combinations could be produced. According to this method, we have ten cases in parameters changes [3] . In this paper, we selected only two of these to be presented for discussion. 
.61 mmHg/%, K 4 = 0.25, s 3 = 1 min, T 6 = 1.18 min, T 7 = 2.57 min, X E (50) = 0.5 lg ml
À1
, and a = 2.98.
The response of the multivariable anaesthesia system for this case is shown in Fig. 10 . For IT2-FLC, there is a good performance for muscle relaxation and there is a deviation from set-point in the performance of blood pressure. For AIT2-FLC, the response of muscle relaxation and blood pressure reach the set-point without steady state error. So, AIT2-FLC is better than IT2-FLC in the performance of blood pressure. , and a = 2.98. Fig. 11 shows the response of the system in this case. It is clear that, for IT2-FLC there is a deviation from set-point in the response of muscle relaxation and blood pressure. The response of muscle relaxation and blood pressure is good for AIT2-FLC. So, AIT2-FLC is better one for both the performance of muscle relaxation and blood pressure because there is not a deviation from set-point for both two outputs under the effect of inter-individual variability of patient's parameters.
Task 3: The intra-individual variability of the patient's parameters
In this task the parameters are changed for the patient during surgery. For the first 100 min the parameters are the same as Figure 9 The response of multivariable anaesthesia system (Task 1). Table 2 Rule based for control signal 2. Figure 10 The response of multivariable anaesthesia system (Task 2 -Case 1). Figure 11 The response of multivariable anaesthesia system (Task 2 -Case 2).
Direct adaptive interval type-2 fuzzy logic controller for the multivariable anaesthesia systemnominal values. The parameters changed as described in Task 2 (Case 1) from iteration 100-200 and there change as described in Task 2 (Case 2) from iteration 200 to the end of simulation. Fig. 12 shows the comparison between IT2-FLC and AIT2-FLC under the effect of intra-individual variability of the patient's parameters. For IT2-FLC the response of muscle relaxation is good for the first 200 iteration but, there is a Figure 12 The response of multivariable anaesthesia system (Task 3). deviation from set-point for the last 100 iteration. The response of blood pressure is good only for the first 100 iteration because there is a deviation from set-point for the last 200 iteration. For AIT2-FLC the performance of muscle relaxation and blood pressure is good and there is not a deviation from set-point for both two outputs for all iteration. So, AIT2-FLC has the ability to respond the intra-individual variability of patient's parameters rather than IT2-FLC.
To show the visual indications of control performance, an objective measure of error performance over the simulation run was made using integral of square of errors (ISE), integral of time and absolute error (ITAE) and root mean square error (RMSE) criteria. ISE, ITAE and RMSE are defined in Eqs. (21) and (22) respectively. Tables 3-5 show the ITAE, ISE and RMSE values for T1-FLC, IT2-FLC and AIT2-FLC respectively for all the above tasks simulation. The unit of time for the ITAE criterion was minutes in each case. The criteria were evaluated over the whole 100 min run in Tasks 1 and 2 and over the whole 300 min run in the Task 3. 
In general, for the blood pressure the ITAE, ISE and RMSE values were greater than for muscle relaxation, simply because of non-normalized values for blood pressure. As shown in the Tables all the ITAE, ISE and RMSE values obtained with AIT2-FLC are lower than those obtained using IT2-FLC and T1-FLC.
Conclusions
In this paper, a direct AIT2-FLC is proposed to deal with the multivariable anesthesia system. We have tested the proposed controller by using three simulation tasks including the inter and intra-individual variability of the patient's parameters. All simulation results for proposed controller were compared with T1-FLC and IT2-FLC that implemented for controlling the multivariable anaesthesia system and published previously. Results show that the proposed controller is able to respond the uncertainty that introduced by large inter and intraindividual variability of patient's parameters. The proposed controller is better than IT2-FLC because there is no a deviation from set-point for both muscle relaxation and blood pressure. So, the proposed controller is superior to IT2-FLC and T1-FLC that published previously for controlling the multivariable anaesthesia system. 
